Recent work in early visual cortex of humans has shown that the BOLD signal exhibits 50 contrast dependent orientation tuning, with an inverse oblique effect (oblique > cardinal) 51 at high contrast and a horizontal effect (vertical > horizontal) at low contrast. This finding 52 is at odds with decades of neurophysiological research demonstrating contrast invariant 53 orientation tuning in primate visual cortex, yet the source of this discrepancy is unclear. 54
Introduction
gamma and alpha range reflect FF and FB synaptic activity, respectively ( Subjects: EEG and FMRI experiments were carried out in separate sessions, in two 207 groups of subjects (n=13, 5 female and n=14, 5 females respectively). Informed consent 208
was obtained according to the guidelines of the Internal Review Board of the Centre 209
Hospitalier Universitaire de Sherbrooke. Of the 14 subjects present in the FMRI 210 experiment, there was an overlap of 7 who also took part in the EEG experiment. All 211 subjects were neurologically normal, university age (20-30), and were financially 212 compensated in Canadian dollars for their participation in the experiment. Subjects were 213 screened for normal vision, and subjects with corrected vision wore their regular lenses 214 during the EEG experiment, and MRI-compatible lenses within the scanner. 215 216
Stimulus construction and presentation: Grating stimuli were generated using 217
Psychophysics Toolbox (Brainard, 1997) and presented on a gray background with 218 luminance equal to mean luminance of the stimulus. Subjects were required to fixate on a 219 central red crosshair (radius=0.2°) for the duration of the experiment. The grating 220 stimulus ( Supplementary 1A) was sinusoidal (spatial frequency=3cycles/°) with an 221 aperture radius of 7°. In the EEG experiment, the grating was rotated both clockwise and 222 counter-clockwise: half the trials began at 90° (vertical) and rotated clockwise for 18 223 seconds at 22.5°/second until reaching -45° (for a 405° rotation in 18 seconds) while the 224 other half of trials began at 45° and rotated counter-clockwise, also at 22.5°/second and 225 ending at 90° for another 405° rotation in 18 seconds. The order of trials was randomized 226 at the start of each experiment. Due to the lower sampling rate of FMRI, the BOLD 227 experiment employed a slightly longer temporal design: the grating always began at 90° 228 (vertical) acceleration factor 6. Only slice acceleration (MB-SENSE=6) was used, without in-plane 256 acceleration (SENSE=1). A low amount of partial Fourier (factor=0.9) was used. An 257 anatomical T1-weighted 3D gradient-echo image (TR/TE=7.9/3.5ms, flip angle = 8°, 258
FOV=240x240x150mm, voxel size = 1mm isotropic) was acquired following FMRI 259 acquisition. All acquisitions were performed using a 32-channel head coil. 260 261 BOLD processing: Raw BOLD images were motion corrected and EPI distortion 262 corrected (Jenkinson et al., 2012) , then bandpass filtered (0.005 to 1Hz) (Cox, 1996) Peak frequency estimation: Peak frequency was estimated at the single subject level. To 321 obtain robust measures of peak frequency in each subject, and at low contrast levels with 322 weaker gamma power, a cross correlation method was used, rather than simply finding 323 the frequency with max amplitude. Mid and low gamma ranges were first isolated, and 324 then cross-correlated with a Gaussian envelope of full width half maximum (FWHM) of 325 18Hz (mid gamma) and 9Hz (low gamma). The frequency bin at the lag of highest cross-326 correlation was then selected as the peak frequency for each subject. The FWHM values 327
were empirical, based on the gamma peak FWHM in the low/mid gamma ranges. For 328 peak frequency in the alpha range, simply locating the frequency bin between 10-16Hz 329
with the most negative dB value was sufficient, due to the higher SNR in the alpha range, 330 both across subjects, and contrast levels. 331 332
Eye (Mierzwinski, 2018) . Pupil diameter percent change (%change) was computed by 339 subtracting the baseline diameter (-2 to 0 seconds relative to stimulus onset) from the task 340 diameter, and then dividing this value by baseline diameter. Single trial pupil diameter 341
was binned according to orientation, and, due to onset effects, the first 5 seconds of 342 stimulus time were ignored. 343 344
Statistical comparisons: Discrete orientations were defined by averaging in bins of 10° 345 width centered around the following orientations: oblique=45°, 135°, cardinal = 90°, 346 180°, vertical=90°, horizontal=180°. EEG power was averaged in 3 major bands: mid 347 gamma (40-60Hz), low gamma (25-35Hz) and alpha (10-16Hz). The bands were defined 348 based on the data, to capture the important spectral peaks (see Figure 1C ). For some 349
figures, mid gamma and high gamma were pooled (indicated as simply 'gamma'). All 350 statistical tests were carried out at the subject level, all error bars indicate standard error 351 of mean (n=13 for EEG, n=14 for FMRI). Pearson's r and Spearman's rho were used for 352
correlating EEG with BOLD (as indicated).
354
Results:
Effects of contrast on frequency specific EEG power: Group average ERSP for all 357 orientation and contrast levels are shown ( Figure 1A) . When averaging across all 358 orientations, three distinct peaks were visible: an alpha peak at ~13Hz, a low gamma 359 peak at ~28Hz, and a mid-gamma peak at ~50Hz ( Figure 1C ). Spatial maps of the 360 gamma and alpha responses show that both responses were strongest over occipital 361 electrodes ( Figure 1B ) yet displayed dramatically different contrast dependencies. 362
Monotonic amplitude decreases from 100% contrast to all other contrast levels were 363 noted in both the mid-and low-gamma ranges (p<0.01 for successive testing from 100% 364 to 5%), but not in the alpha range (p>0.05, Figure 1D ). For instance, the alpha response 365
at 50% contrast was indistinguishable from that at 5% contrast despite the large 366 corresponding differences in gamma power and pupil diameter ( Supplementary 2C) , 367
suggesting that the relative contributions of alpha and gamma to the total neuronal 368 response is contrast-dependent. In terms of peak frequency, only the mid gamma range 369 showed contrast sensitivity ( Figure 1E, left) , and only at the higher contrast levels 370 (p<0.01 for 100% to 50%, p<0.05 for 50% to 25%, and p>0.05 for lower contrasts). A 371 summary of the frequency specific effects on mid gamma, low gamma, and alpha power 372 is shown ( Figure 1F) , where the ratio of gamma to alpha power clearly decreases as a 373
function of contrast, with gamma power decreasing monotonically and alpha power 374 remaining constant. Given the similar response amplitude profiles of the mid-and -low 375 gamma ranges, the two were pooled together for subsequent analysis. 376 377
Frequency specific, contrast invariant EEG orientation tuning: Group average 378 orientation tuning curves for each contrast level are shown (Figure 2A-B) . When 379 averaging across all contrast levels, the inverse-oblique effect (oblique > cardinal) was 380 strongest in the mid and low gamma range (p<0.05, Bonferroni corrected) ( Figure 2C) , 381
while the horizontal effect (vertical > horizontal) was strongest in the alpha range 382 (p<0.05, Bonferroni corrected) ( Figure 2D ). We then examined the contrast dependence 383 of inverse-oblique effect in gamma, finding at all contrast levels except 5% (which had 384 no positive gamma response) the same inverse-oblique effect was present (p=0.003 at 385 100%, p=0.002 at 50%, p=0.037 at 25%, and p=0.004 at 15%) ( Figure 2E ). For alpha, the 386 horizontal effect was present at low contrast levels (p=0.04 at 15% and p=0.006 at 5%), 387
but only a trend for a horizontal effect at higher contrast levels (p=0.217 at 100%, p=0.49 388 at 50%, and p=0.538 at 25%) ( Figure 2F) experiments. We first examined BOLD orientation tuning in a large data driven ROI 398 encompassing all voxels responding to a foveal stimulus (see BOLD processing, 399 methods) ( Figure 3A ). As previously reported(Maloney and Clifford, 2015), we observed 400 distinct BOLD tuning curves at high and low contrast, with an inverse-oblique effect at 401 high contrast (p<0.001) which was not present at low contrast (p=0.412) ( Figure 3B ), and 402 a horizontal effect which was stronger at low contrast (p=0.007) than high contrast 403
(p=0.042) ( Figure 3C) . To visualize the spatial pattern of these effects, we performed 404 voxel-specific paired t-tests for oblique minus cardinal and vertical minus horizontal 405 ( Figure 3D ), revealing hierarchical structure in BOLD orientation selectivity. This was 406 confirmed using an atlas-based approach, showing the inverse-oblique effect was 407 restricted to V1, with nearly half of all voxels in V1 displaying the inverse-oblique effect, 408
while the horizontal effect was more widespread and especially strong in the lateral 409 occipital cortex (LO) ( Figure 3E) . 410 411
Neurophysiological basis of contrast dependent BOLD orientation tuning: The above 412 results suggest that gamma orientation tuning best matches BOLD at high contrast, while 413
at low contrast, BOLD better resembles the alpha tuning profile. To quantify this, we first 414 compared EEG orientation preference to average BOLD response from the data driven 415 ROI. Gamma preferences matched BOLD almost perfectly at 100% contrast (rho=0.89) 416
( Figure 4A ) but less well at 5% contrast (rho=0.31) ( Figure 4B) , while alpha matched 417 BOLD poorly at 100% contrast (rho=0.19) ( Figure 4C ) but closely at 5% contrast (rho=-418 0.73) ( Figure 4D) . Correlating EEG tuning at each frequency separately with BOLD at 419 5% and 100% contrast ( Figure 4E) revealed a similar story, with 100% contrast BOLD 420 orientation tuning variance best explained by gamma and 5% contrast BOLD orientation 421 tuning variance best explained by alpha ( Figure 4F) . 422 423
Next, we investigated how this relationship varied across the visual hierarchy. Voxel-424 specific correlations between EEG and BOLD tuning curves at 100% contrast revealed 425 that the vast majority of voxels exhibiting a strong Gamma-BOLD link (r>0.6, arbitrary 426 threshold chosen for visualization purposes) were restricted to early visual cortex in the 427 medial occipital lobe ( Figure 4G, left) . On the other hand, alpha-BOLD correlations (r<-428 0.6) at 5% contrast were localized in higher visual areas ( Figure 4G, right) . This was 429 further investigated using an atlas-based approach: voxels exhibiting a strong gamma-430 BOLD link were largely confined to V1 ( Figure 4H) . On the other hand, the alpha-BOLD 431 link was most evident in area LO, but also weakly spanned areas V1-V4 ( Figure 4H) Second, these results fit well with the notion that FB is generally thought to provide more 525 input to V1 compared to FF thalamic afferents (Budd, 1998; Douglas and Martin, 2007 We performed concurrent eye-tracking experiments in 2 of our EEG subjects which 557 showed no orientation tuning in pupil diameter, but we cannot completely rule out the 558 possibility of micro-saccades or some other type of ocular artifact playing a role in the 559 orientation tuning profiles measured here, especially in the gamma range. However, we 560 believe this to be unlikely due to our rigorous ICA denoising protocol, excluding all but 561 the top 5 components. 562 563
Conclusion: Contrast dependence of BOLD orientation tuning arises due to the different 564 orientation tuning curves of feedback and feedforward neuronal populations; at low 565 contrast, with limited feedforward activity, alpha tuning drives the BOLD response, while 566
at high contrast, with strong feedforward activity, gamma tuning drives the BOLD 567
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